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Abstract
There has been an increasing use of steel slags as supplementary cementing materials (SCMs) and
as aggregates in concrete production. While the utility of these industrial wastes has been highly
recognized in sustainable construction, their effect on the wide range of mechanical and chemical
properties of concrete is still being investigated. Micro-hardness as well as the bond between steel slag
aggregate and hardened cement paste are presented in this paper. The interfacial zone between steel
slag and hardened cement paste appears to be enhanced. Bond tests have shown that steel slag and
cement paste exhibits higher interfacial bond splitting strength than natural aggregate and cement
paste. Micro-hardness tests have shown that hardened cement paste is consolidated within about 60 µm
from the aggregate particle. It is suggested that this is the result of a chemical reaction between the steel
slag and cement paste coupled with mechanical interlock due to the texture of the steel slag.
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1. Introduction
The use of supplementary cementing materials (SCMs) in Portland cement concrete is not new. However,
over the years since their first commercial use, fly ash and steel slag have been increasingly used in
a variety of concreting activities. This practice has become popular as a mechanism to reduce
the dependency on Portland cement, to improve some of the important properties of fresh and
hardened concrete, and to utilize these industry by-products. Replacing conventional materials used
in concrete with industrial by-products not only reduces the overexploitation of quarries but also
contributes to reducing the impact of waste disposal on the environment. As a result of the above
reasoning, the use of the following by-products has been proposed as aggregate for concrete:
construction rubber, vitrified flooring, glass, plastic, the remains of asphalt agglomerates and
metallurgical or steel making slag (Shelburne and Degroot, 1998). Air-cooled blast furnace slag is a
by-product of iron manufacturing, in which silica and alumina constituents combine with lime to form a
molten slag that collects on top of the iron in a blast furnace. If this molten slag is allowed to cool
slowly it solidifies to a grey, crystalline, stone-like material, known as air-cooled slag. This byproduct is then crushed and screened for sizes suitable as coarse aggregate (Anonymous, 2008). It
has been established that the use of steel slag contributes to the ultimate strength of concrete
(Zaki et al., 2011). A micro-hardness test may be employed to measure individual microstructures
within a larger matrix, or to measure the hardness gradients of a part along the cross section.
Thus determined, the micro-hardness correlates with the
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strength of the material tested. Du et al. used micro-hardness test along the ITZ of recycled aggregate
concrete to find the correlation with the strength of the concrete (Du et al., 2010). Another test that
correlates closely with the strength of the material is the Bond strength test. The bonding between steel
slag aggregate and cement paste determines the strength of the concrete. A detailed, micro-level, analysis
exploring how steel slag contributes to the additional strength of the concrete was undertaken using
micro-hardness and the bond strength test with the process and findings documented in this paper.
1.1 Micro-hardness Test
Micro-hardness testing is a technique by which the hardness of small individual features of metallic,
mineral, or hardened cement paste (HCP) specimens may be measured; it can also be used to determine
the hardness of very thin sheets and wires. Micro-hardness is a comprehensive parameter for various
characteristics of interfacial transition zone (ITZ). Tamimi used Vickers micro-hardness test to measure
the hardness in the cement paste of concrete and detected a drop in the hardness in the ITZ around
aggregate (Tamimi, 1994). In this study, the test has been used to measure the hardness of the interfacial
zone between steel slag aggregate and hardened cement paste. The indenter used is a standard Vickers
diamond pyramid, having a square base and an apical angle of 136°.
The micro-hardness is expressed as the ratio between the load applied and the area of the resulting
indentation, in GPa. For a given load, the diagonal length of the indentation is measured, and the hardness
is determined from tables. Alternatively, the hardness may be calculated from Equation (1).
18.185P
Micro hardness, Hv = 𝑑2
Equation (1)
Where:
P = the applied load (N),
d = the mean diagonal length (mm).
A Leitz Watzlaz hardness tester was used in this investigation.
1.2 Bond Strength Test
The bond strength of concrete is measured using a tensile test. Two variations of this test include the
direct tensile test and the tensile splitting test. However, due to the ease of performing the tensile splitting
test, its use is more common. The failure of concrete under tension is governed by micro-cracking,
associated particularly with the interfacial region between the aggregate particles and the cement, also
called the interfacial transition zone (ITZ). The load applied on the concrete specimen induces tensile and
shear stresses on the aggregate particles inside the specimen, leading to the bond failure between the
aggregate particles and the cement paste.

2. Purpose of the Experiment
From the microscopic point of view, the interface between hardened cement paste (HCP) and the
aggregate is a weak link in normal cement concrete. This ITZ is a relatively porous zone extending
generally to 30m or more away from the contact with the aggregate surfaces, and less porous HCP
beyond this zone (Rangaraju et al.,2010). The bond strength was studied by Zimbelmann and he showed
that the bond strength between portland cement paste and limestone is higher as compared to that between
portland cement and granite. Consequently he concluded that there was an added adhesion due to the
chemical reaction between limestone and cement paste (Zimbelmann, 1985). Gao et al. also reported that
the weak ITZ between aggregate and cement paste was strengthened as a result of the pozzolanic reaction
of ground granulated blast furnace slag and that the improvement was more significant with the decrease

815

Eighth International Conference on Construction in the 21 st Century (CITC-8)
“Changing the Field: Recent Developments for the Future of Engineering and Construction”
May 27-30, 2015, Thessaloniki, Greece

of particle size of the slag (Gao et al., 2005). In this research, exploration of micro-hardness variation and
bond strength in the transition zone was carried out to determine the behavior of the aggregate-HCP
interface, to investigate the hydraulicity of steel slag, and to compare the difference between the natural
inert aggregate-HCP interface and steel slag aggregate-HCP interface.

3. Experiment Setup and Specimen Preparation
3.1 Micro Hardness Test
Two groups of special concrete specimens were prepared for micro hardness tests. For Group 1, special
concrete specimens using normal Portland cement and air cooled coarse steel slag aggregate, excluding
fine aggregate, were prepared for the micro-hardness test. Control specimens for Group 1 were prepared
using crushed limestone as the coarse aggregate and excluding fine aggregate. For Group 2, special
concrete specimens using normal Portland cement and instant-chilled coarse steel slag aggregate,
excluding fine aggregate, were prepared. Control specimens for Group 2 were prepared using silica sand
aggregate and excluding coarse aggregate. The mix ratio for normal Portland cement to aggregate was
1+1 and the water/cement ratio was 0.38. Before mixing, the coarse aggregate and silica sand were
cleaned with water and brushed to ensure that the surface of the aggregate was clean. This process was
carried out in order to avoid the mingling of very fine particles or dust, which could affect the test results.
The experimental set-up for the micro-hardness test is represented in Table 1.
TABLE 1: Experimental Set-up – Micro-hardness Test
Group

Specimen

Cement

Fine Aggregate (FA)

Coarse Aggregate (CA)

Control

1 Parts OPCa

None

1 Parts Crushed Limestone

Test

1 Parts OPC

None

1 Parts Air-cooled Slag
Coarse Aggregate

Control

1 Parts OPC

1 Parts Silica Sand
Aggregate

None

Test

1 Parts OPC

None

1 Parts Instant-chilled Slag
Coarse Aggregate

1

2

a

OPC is Ordinary Portland Cement

Cylinders that were 200 mm in diameter, containing air cooled slag, instant-chilled slag, limestone, or
silica sand, were made for each mix, and cured in water at 23° C until the date of testing. The specimens
in this study were tested at 28 days curing. The cylindrical specimens were cut, using a diamond
impregnated saw, into slices ranging from 6-8 mm in thickness. The slices were trimmed to a cylindrical
or cube shaped cross section of about 20 cm2 before hardness testing. The slices were subsequently coarse
polished and fine polished using emery papers and then dried. The purpose of polishing was to enable the
interface between the HCP and the aggregate in question to be distinguished under an optical microscope.
The typical test positions and test points are illustrated in Figs. 1(a) and 1(b).
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FIGURE 1: Schematic Drawing of Tested Position of Interface Transition Zone (a) Schematic
Drawing of Test Position in Specimen Slices and (b) the Magnification of Test Position
Measurement of the micro-hardness was carried out in the HCP adjacent to the aggregate particle. It is not
necessary to keep the test points in the same line, as shown in Fig. 1(b), however, accurate measurement
of the distance from the aggregate particle is important. Also, careful selection of the test points within
the HCP is important so that no fine particles or fragments of coarse aggregate are inadvertently tested.
Before the test is carried out, an appropriate surcharge weight should be chosen for the materials to be
tested. For the test described, a 200 gram weight was employed for the coarse aggregate and a 50 gram
weight was used for the HCP.
3.2 Bond Test
A series of tests were performed to determine the degree of the bond achieved between the aggregate and
the matrix. Individual tests were carried out to determine the tensile splitting strength of the mortar
(matrix), aggregate particle, i.e. limestone or steel slag (dispersed phase), aggregate/mortar (interface),
and concrete. Tests were carried out for three different water/cement ratios (0.30, 0.35, and 0.40). The
experimental program for the bond test is represented in Table 2.
TABLE 2: Experimental Set-up - Bond Test – Aggregate/Matrix Interface

Mix

Phase

1

Matrix

2

Dispersed
Phase

3

Interface

Materials
Mortar
(Cement-Sand)
Limestone
Steel Slag
Limestone &
Mortar
Steel Slag &
Mortar
Limestone
Aggregate

4

Concrete
Steel Slag
Aggregate

Mix Proportion Type (Water/Cement Ratio)
w/c =0.3
Cement+Sand=1+2

w/c =0.35
Cement+Sand=1+2

w/c =0.4
Cement+Sand=1+2

Sawn, Not Polished
w/c =0.3
Cement+Sand=1+2
w/c =0.3
Cement+Sand=1+2
w/c =0.3
Cement+Sand+CA
(1+2+3.5)
w/c =0.3
Cement+Sand+CA
(1+2+3.5)

w/c =0.35
Cement+Sand=1+2
w/c =0.35
Cement+Sand=1+2
w/c =0.35
Cement+Sand+CA
(1+2+3.5)
w/c =0.35
Cement+Sand+CA
(1+2+3.5)

w/c =0.4
Cement+Sand=1+2
w/c =0.4
Cement+Sand=1+2
w/c =0.4
Cement+Sand+CA
(1+2+3.5)
w/c =0.4
Cement+Sand+CA
(1+2+3.5)
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Tensile splitting strength on the 30 mm cubes were taken as an indication of bond strength. The
specimens for the tensile splitting strength tests are shown in Figs. 2 (a) and (b).

FIGURE 2: Specimens for Tensile Splitting Strength (a) and (b)

4. Test Results and Discussion
4.1 Micro-hardness Test
The micro-hardness results are shown in Table 3, Table 4 and in Fig. 3. Micro-hardness, and hence
strength, varied with distance from the aggregate particle, as shown in Table 3 and Table 4. Results
indicate that within about 100 µm distance from aggregate surface instant chilled steel slag aggregate
performed better. Average hardness of instant chilled slag aggregate in the ITZ is 1.05 GPa compared
with that of 0.95 GPa of air-cooled slag aggregate. Hardness in the ITZ of silica sand as aggregate in the
concrete is 0.89 GPa and that of limestone as coarse aggregate in concrete is 0.52 GPa. The role of slag in
consolidating HCP by better hydration within the ITZ is clearly seen from these experiments. In other
words, the presence of the steel slag enhances the chemical reaction in the concrete. This chemical
contribution from the slag is in addition to the likely increase in bond strength due to the rough surface
texture of the steel slag.
TABLE 3: Test Results of Micro-hardness of Interface Transition Zone between Aggregate
(Air Cooled Steel Slag and Limestone) and HCP
Interface between steel slag (air cooled) and HCP
Distance to Aggregate, d,
Micro-hardness, Hv50, (GPa)
(µm)
10.1
2.06
25.0
1.06
43.2
0.70
59.8
0.61
77.0
0.25
123.0
1.01
Average Hardness
0.95
Hardness of Steel Slag
Hv200=3.51
(Air Cooled)

Interface between limestone and HCP
Distance to Aggregate,
Micro-hardness, Hv50,
d, (µm)
(GPa)
8.2
0.57
38.2
0.55
43.6
0.57
67.0
0.43
100
0.50
Average Hardness
0.52
Hardness of Limestone

Hv200=4.32
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TABLE 4: Test Results of Micro-hardness of Interface Transition Zone between Aggregate
(Instant-Chilled Steel Slag and Silica Sand) and HCP
Interface Between Steel Slag (Instant-chilled) and
HCP
Distance to Aggregate, d,
Microhardness, Hv50,
(µm)
(GPa)
3.9
1.31
22.4
1.12
31.5
1.03
55.0
0.91
98.6
0.85
145.9
1.07
Average Hardness
1.05
Hardness of Steel Slag
Hv200=5.51
(Instant-chilled)

Interface Between Silica Sand HCP
Distance to Aggregate, d,
(µm)
20.9
35.2
43.6
60.3
106.3
121.1
Average Hardness

Microhardness, Hv50,
(GPa)
1.17
0.92
0.84
0.72
0.83
0.87
0.89

Hardness of Silica Sand

Hv200=8.24

FIGURE 3: Micro-hardness of Interfacial Transition Zone between Aggregate and HCP

4.2 Bond Test
Experimental results of the bond tests are shown in Table 5. Examination of the results shows that the
tensile splitting strength of steel slag is approximately 17% higher than that of crushed limestone. This is
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partly due to the result of the higher specific gravity of the slag (3.61) compared with that of the crushed
limestone (2.54). Also, the steel slag particles are more porous than limestone resulting in higher water
absorption (2.5% cf. 2.3%) and free water content (1.4% cf. 1.05%). Finally, the aggregate crushing value
of steel slag is lower than that of limestone (4.8% cf. 8.7%).
The bond strengths between steel slag and mortar are higher than those between crushed limestone and
mortar. The relative increase in bond strength is dependent on the water/cement ratio used for the mortar,
with the greatest increase in strength for the three water/cement ratios are 13% (0.30); 27% (0.35); and
50% (0.40). Tensile Splitting strengths of concrete containing steel slag as coarse aggregate are higher
than those of concrete containing crushed limestone. The relative increases are similar to those for bond
strength, being 15% (0.30); 30% (0.35); and 42% (0.40). The tensile ratios of σinter to σmatrix and σinter to
σdisp are generally higher for steel slag aggregate than for limestone aggregate. The improvement in
interface strength results in a stronger composite material.
TABLE 5: Experimental Results for Bond Tests

Mix

Phase

1

Matrix

2

Dispersed
Phase

3

Interface

Materials
Mortar (CementSand)
Limestone
Steel Slag
Limestone &
Mortar
Steel Slag &
Mortar
Limestone
Aggregate

4

Concrete

Steel Slag
Aggregate

Tensile Splitting Strength (MPa)
w/c =0.3
3.8

w/c =0.4
2.6

w/c =0.3
1.5
w/c =0.3
1.7
w/c =0.3
2.6
w/c =0.3

w/c =0.35
3.1
4.6
5.4
w/c =0.35
1.1
w/c =0.35
1.4
w/c =0.35
2.0
w/c =0.35

3.0

2.6

1.7

w/c =0.4
0.8
w/c =0.4
1.2
w/c =0.4
1.2
w/c =0.4

5. Conclusions
The micro-hardness of air-cooled basic oxygen steel slag and instant-chilled steel slag is close to that of
limestone and is lower than that of silica sand. The micro-hardness of HCP side in interfacial transition
zone incorporating both air cooled steel slag and instant-chilled steel slag is higher than that of the
interface between limestone/silica sand and normal Portland cement. It is more obvious for instant-chilled
steel slag. Bond strength of instant-chilled slag and HCP is greater than limestone aggregate. The
enhancement of the interfacial region between steel slag and HCP is attributed to the chemical reactions
and the mechanical interlock due to the angular shape and texture of steel slag.

6. References
Anonymous (2008). “Use of Recycled Aggregates in Construction.” Research Report Cement
Concrete & Aggregates Australia. http://www.concrete.net.au/publications/pdf/Recycled
Aggregates.pdf

820

Eighth International Conference on Construction in the 21 st Century (CITC-8)
“Changing the Field: Recent Developments for the Future of Engineering and Construction”
May 27-30, 2015, Thessaloniki, Greece

Du, T., Wang, W.H., Lin, H.L., Liu, Z.X. and Liu, J. (2010), “Experimental Study on the
Interfacial Strength of the High Performance Recycled Aggregate Concrete,” Earth and Space,
pp. 2821-2828. doi: 10.1061/41096(366)266
Gao, J. M., Qian, C. X., Liu, H. F., Wang, B. and Li, L. (2005), “ITZ Microstructure of Concrete
Containing GGBS,” Cement and Concrete Research, Vol. 35(7), 1299-1304.
doi:http://dx.doi.org/10.1016/j.cemconres.2004.06.042
Rangaraju, P. R., Olek, J. and Diamond, S. (2010), “An Investigation into the Influence of Interaggregate Spacing and the Extent of the ITZ on Properties of Portland Cement Concretes,”
Cement and Concrete Research, Vol. 40(11), pp.1601-1608.
doi:http://dx.doi.org/10.1016/j.cemconres.2010.07.002
Shelburne,W. M. and Degroot, D. J. (1998), “The Use of Waste and Recycled Materials in
Highway Construction,” Civil Engineering Practice, Vol.13(1), pp. 5–16.
Tamimi, A.K. (1994), “The Effects of a New Mixing Technique on the Properties of the Cement
Paste Aggregate Interface,” Cement & Concrete Research, Vol. 24(7), pp. 1299-1304.
Zaki, S. I., Metwally I. M. and El-Betar, S. A. (2011), “Flexural Behaviour of Reinforced HighPerformance Concrete Beams Made with Steel Slag Coarse Aggregate,” ISRN Civil
Engineering, Vol. 2011.
Zimbelmann, R. (1985), “A Contribution to the Problem of Cement-aggregate Bond,” Cement
and Concrete Research, Vol. 15, pp. 801-808.

821

